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Abstract Beam steering visible light
communication (VLC) system has been shown to
offer performance enhancements over traditional
VLC systems. However, an increase in the
computational cost is incurred. In this paper, we
introduce fast computer generated holograms
(FCGHs) to speed up the adaptation process. The
new, fast and efficient fully adaptive VLC system can
improve the receiver signal to noise ratio (SNR) and
reduce the required time to estimate the position of
the VLC receiver. It can also adapt to environmental
changes, providing a robust link against signal
blockage and shadowing. In addition, an angle
diversity receiver (ADR) and a delay adaptation
technique are used to reduce the effect of inter
symbol interference (ISI) and multipath dispersion.
Significant enhancements in the SNR, with VLC
channel bandwidths of more than 26 GHz are
obtained, resulting in a compact impulse response
and a VLC system that is able to achieve higher data
rates (25 Gbps) with full mobility in the considered
realistic indoor environment.
Index Terms Beam Steering, angle diversity
receiver, fast computer generated hologram, delay
adaptation technique, SNR.
I. INTRODUCTION
Traditional radio and microwave communication systems
suffer from limited channel capacity due to the limited radio
spectrum available, while the data rates requested by the
users continue to increase exponentially. Achieving very
high data rates (multi gigabits per second) using the
relatively narrow bandwidth of microwave and millimetre
wave systems is challenging [1].
According to a GreenTouch research study, mobile
Internet traffic over this decade (2010-2020) is expected to
Manuscript received November 5, 2015.
A. T. Hussein is with the School of Electronic and Electrical
Engineering, University of Leeds, Leeds LS2 9JT, U.K. (e-mail:
ml12ath@leeds.ac.uk).
Mohammed T. Alresheedi is with the Department of Electrical
Engineering, King Saud University, Riyadh, Saudi Arabia (e-mail:
malresheedi@ksu.edu.sa).
J. M. H. Elmirghani is with the School of Electronic and
Electrical Engineering, University of Leeds, Leeds LS2 9JT, U.K.
(e-mail: j.m.h.elmirghani@leeds.ac.uk).
increase by 150 times [2]. Given this expectation of
dramatically growing demand for data rates, the quest is
already underway for alternative spectrum bands beyond
microwaves and millimetre waves. Different technology
candidates have entered the race to provide ultra-fast
wireless communication systems for users. Visible light
communication (VLC) systems are among the promising
solutions to the bandwidth limitation problem faced by
microwave systems [1]. They are also considered among the
potential candidates for 5G indoor systems [3]. Over the last
decade, there has been increased interest in VLC due to its
potential to achieve high data rates and its use of
inexpensive and energy efficient light emitting diodes
(LEDs) and optoelectronic devices [1]. However, the main
challenges hindering the development of a VLC system are
the low modulation bandwidth of the LEDs and inter
symbol interference (ISI). The modulation bandwidth
available in the transmitters (LEDs) is typically less than
the VLC channel bandwidth, which means that the former
typically limits the transmission rates. Therefore,
alternative transmitters are needed for VLC systems to
achieve high data rates. The typical peak data rate achieved
by using commercial RGB LEDs with low complexity
modulation (on off keying, OOK) is up to 500 Mbps [4].5HFHQWO\ D  *ESV 9/& V\VWHP EDVHG RQ D VLQJOH Ǎ/('
using orthogonal frequency division multiplexing (OFDM)
has been successfully demonstrated [5]. The highest
throughput achieved by LEDs to the best of our knowledge
was reported in [6], where the aggregate throughput was
4.5 Gbps when using carrier-less amplitude and phase
(CAP) modulation and recursive least squares (RLS) based
adaptive equalization, wavelength division multiplexing
(WDM) and RGB LEDs. The design and implementation
complexity are a major concern in these systems.
Beam steering has been widely investigated in
communication systems to maximise the SNR at the
receiver [7], [8]. Therefore, beam steering can be an
attractive option to consider in VLC systems to enhance the
system performance. Recently, transmission beam steering
for multi input multi output (MIMO) infrared optical
wireless (IROW) systems with intensity modulation and
direct detection has been developed [9]. In addition, recent
work has demonstrated optical wireless energy
transmission using optical beam steering and beam forming
with a spatial light modulator (SLM). They focused light on
the desired target using optical beam steering and beam
forming to transfer optical wireless energy [10].
A VLC beam steering array can be constructed using
electronically controlled mirrors in front of the receiver. An
inexpensive approach that can be used to provide good link
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2quality during mobility is to use mirrors with piezoelectric
actuators in front of the receiver [11], [12]. Another
approach is the tilting of the transmitter and receiver
together using piezoelectric actuators that are controlled
electronically. As with the mirror method, the tilting
method also needs to be controlled by an electronic circuit.
However, these methods lead to a bulky receiver that
cannot be used for mobile devices and can only be used in
low transmission rate stationary systems, up to 100 Mbps
shown in [11], [12].
Previous work has shown that significant enhancements
in the VLC system data rates can be achieved by replacing
LEDs with LDs coupled with the use of an imaging receiver
instead of the conventional wide field of view (FOV) receiver
[13], [14], [15]. A data rate of 10 Gbps in a realistic
environment has been shown to be possible with a VLC
system when a delay adaptation technique in conjunction
with laser diodes and imaging receiver were used with a
simple modulation format (OOK) and without the use of
relatively complex wavelength division multiplexing
approaches [13]. Significant improvements were shown to
be possible when a VLC relay assisted system is combined
with an imaging receiver and a delay adaptation technique
[16]. However given typical parameters, the latter system
cannot provide a throughput beyond 10 Gbps due to its low
signal to noise ratio (SNR). Recently, beam steering has
been proposed in VLC systems to maximise the SNR at the
receiver [17]. Simulation results have shown that a
significant improvement in the data rate (20 Gbps for a
stationary user and 14 Gbps for a mobile user) can be
achieved in a mobile VLC system that employs beam
steering. The improvements achieved are however at the
cost of complex adaptation requirements. The complexity is
associated with the computation time required to identify
the optimum location to steer the beam to, as well as the
time needed to generate the hologram that generates beams
at the optimum angles.
The work presented in this paper aims to address the
impairments of VLC systems and provide practical
solutions, hence achieving data rates beyond those reported
in [13]-[17]. In this paper, for the first time to the best of
our knowledge, we report the use of holograms and beam
steering in VLC systems with efficient adaptation. The data
rates achieved by our proposed system, i.e. 25 Gbps for a
stationary user and 22.2 Gbps for a mobile user, are the
highest data rates to date for an indoor VLC system with
simple modulation format (OOK) and without the use of
relatively complex wavelength division multiplexing
approaches, to the best of our knowledge. We introduce new
fast computer generated holograms (FCGHs) for beam
steering making use of simulated annealing optimization.
The holograms are pre-calculated and stored in the
proposed system (each is suited for a given (range of)
transmitter and receiver locations) and eliminate the need
to calculate holograms real time at each transmitter and
receiver location. The concept of finite computer generated
holograms has been recently proposed in VLC system [17].
The work in [17] investigated a very limited case of finite
pre-stored holograms and studied it in a realistic indoor
environment to examine the impact of shadowing. Here we
extend the work in [17] by (i) introducing FCGHs, (ii)
studying the VLC system complexity and SNR penalty, (iii)
employing angle diversity receiver with narrow FOVs, (iv)
evaluating a high data rate system (25 Gbps), and (v)
considering a real environment that experiences shadowing
to assess the utility of FCGHs.
In this study the RGB-LDs light unit is followed by the
SLM that generates beams whose locations can be varied
where the transmission angles ߠ௫ and ߠ௬ in the ݔݕ axes are
varied between -70o and 70o (half power beam angle of RGB-
LDs light unit was 70o) with respect to the transmitters
normal in both the x and the y (ߙି௫ to ߙ௫ and ߙି௬ to ߙ௬)
directions respectively.
Recently, we proposed the use of an angle diversity
receiver (ADR) for a VLC system to provide a robust link
and mitigate multipath dispersion, as well as to improve
the overall system performance [14]. In this study we used
an ADR with selective combining to choose the best branch.
A delay adaptation technique (DAT) for a VLC system was
proposed in [13] and it is used here as it is shown to offer
channel bandwidths of more than 26 GHz (in a worst case
scenario), which enables the VLC system to operate at data
rates of more than 25 Gbps. The adaptation techniques
(FCGHs and DAT) require repetitive training and a
feedback channel from the receiver to transmitter at a low
data rate. An infrared (IR) diffuse channel is suggested to
realize this link. The ultimate goal of this study is to
enhance the 3 dB channel bandwidth, minimize the impact
of ISI, and increase the SNR when the VLC system operates
at a high bit rate of 25 Gbps under the effect of multipath
dispersion, shadowing, mobility and receiver noise.
The VLC room setup and channel characteristics are
described in the next Section. The receiver structure is
given in Section III. Section IV describes the VLC system
configurations and fast computer generated holograms for
VLC system. The VLC system complexity is considered in
Section V. The impact of beam steering on illumination is
investigated in Section VI. The simulation results in an
empty room are outlined in Section VII. Robustness against
shadowing is evaluated in Section VIII. Finally, conclusions
are drawn in Section IX.
II. THE VLC ROOM SETUP AND CHANNEL
CHARACTERISTICS
In order to study the performance of our proposed system,
under mobility and multipath dispersion, consideration was
given to an unoccupied rectangular room that had no
furnishings, with dimensions of 8 m × 4 m × 3 m (length ×
width × height), similar to those considered in the previous
works [13]-[17]. Previous research in [18] has found that the
power reflected by elements on either the wall or the ceiling
is Lambertian in nature, having a reflectivity of 0.8 for
walls and ceiling, and 0.3 for the floor. In this study, we
regarded the reflections from the windows and doors to be
identical to those coming from the walls. The reflecting
elements can be modelled by subdividing the ceiling and
walls into small square surfaces (݀ܣ) which operate as
secondary small diffuse transmitters (n=1), where ݊ is the
Lambertian emission order. The effect of a realistic indoor
office (door, windows, physical partitions, chairs, and other
objects) will be considered in Section VIII. Surface elements
of 5 cm × 5 cm for first-order reflections and 20 cm × 20 cm
for second-order reflections were used. These values were
selected to keep the computation requirements within a
reasonable time (the computation time increases
3dramatically when the surface element size is decreased).
Previous research considered only LOS and reflections up to
a first order [19], [20], [21]. However, this may not provide a
full description of the characteristics of the system.
Therefore, in this study reflections up to the second order
were considered, since the second order reflections can have
a great impact on the system performance at multi gigabits
per second data rates [21]. Reflections can continue beyond
second-order, however it is noted that the power received
from the third-order reflections for the VLC systems is
extremely low compared to LOS, first-order, and second-
order reflections [16]. Therefore, for convenience, computer
analysis up to second-order reflections has been considered
in this study.[1]
A combination of red, green and blue lasers with a
diffuser can be used to generate white light that has good
colour rendering [22]. Therefore, the rooms illumination
was provided by eight RGB-LD light units which were used
to ensure that ISO and European standards were satisfied
[23]. Each LD light unit has 9 (3×3) RGB-LD. The LD lights
were installed at a height of 3 m above the floor. The
specifications of the RGB-LDs used in this study were
adapted from the practical results reported in [24], where
the measured illuminance for each RGB-LD was 193 lx.
The VLC room with the coordinates of the RGB-LDs light
units is shown in Fig. 1. The rooms illumination was
provided by eight RGB-LDs light units that were used to
ensure ISO and European standards were satisfied. Fig. 2
shows the horizontal illumination distributions from the
eight RGB-LD light units at the communication floor level.
It is clear from this figure that there is sufficient
illumination according to EU and ISO standards [23]. The
simulations and calculations reported in this study were
carried out using MATLAB. Our simulation tool was similar
to the one developed by Barry et al. [25]. In our evaluation,
the channel characteristics, optical power received, delay
spread, 3 dB channel bandwidth and SNR calculations were
determined in similar ways to those used in [26], [27], [28].
Additional simulation parameters are given in Table I.
In indoor OW communication systems, intensity
modulation with direct detection (IM/DD) is the preferred
choice as a result of its reduced cost and complexity [18].
The receiver makes use of a detector that produces a
photocurrent ܫ(ݐ) which is proportional to the received
instantaneous optical power. The typical detector area
contains tens of thousands of very short wavelengths of the
received optical signal, and hence allows spatial diversity
and prevents fading. The indoor optical wireless IM/DD
channel can be completely described via its impulse
response ݄ሺݐ). It can be modelled as a linear baseband
system [29], given by:ܫ(ݐ,ܣݖ,ܧ݈) = σ ܴݔ(ݐ)݄ٔ௠(ݐ,ܣݖ,ܧ݈) + σ ܴ݊௠(ݐ,ܣݖ,ܧ݈)ெ೟௠ୀଵெ೟௠ୀଵ (1)
where ݐ is the absolute time,ܧ݈ and ܣݖ represent the
direction of the arrival in elevation and azimuth angles
respectively. ܯ௧ is the total number of reflecting elements,ݔ(ݐ) is the transmitted instantaneous optical power, ٔ
denotes convolution, ܴ is the detector responsivity andܫ(ݐ,ܣݖ,ܧ݈) is the received photocurrent at a certain location
resulting from ܯ௧ reflecting surfaces. Lastly, ݊௠(ݐ,ܣݖ,ܧ݈)
represents the background light noise due to ݉௧௛ reflecting
elements at the receiver.
The power incident on a reflecting element, either on the
walls or ceiling can be modelled by Lambertian model:
݀݌௡ = ௡ାଵଶగ × ܿ݋ݏ௡ݒ௜ × ௦ܲ × ௗ஺஽భమ ܿ݋ݏ ߚ (2)
where ௦ܲ is the total average transmitted optical power
emitted by the source (LDs), ܦଵ is the distance between
transmitter and element ݀ܣ, ݒ௜ is the incidence angle with
respect to the transmitters surface normal, ߚ is the angle
between the surface normal of the element ݀ܣ and the
incident ray, and ݊ is the mode number which describes the
shape of transmitted beam. Higher values of ݊, lead to
narrower light beams, and are related to the half power
semi-angle (݄݌ݏ) of the transmitter pattern. The
Lambertian emission order (݊) can be defined as [27]:݊ ൌ െ ௟௡(ଶ)௟௡(௖௢௦(௛௣௦)) (3)
TABLE I
SIMULATION PARAMETERS
Fig. 1: VLC system room.
Parameters Configurations
Length 8m
Width 4m
Height 3mߩ-ceiling 0.8 [18]ߩ-ݔݖ wall 0.8 [18]ߩ-ݕݖ wall 0.8 [18]ߩ-ݔݖ op-wall 0.8 [18]ߩ-ݕݖ op-wall 0.8 [18]ߩ-floor 0.3 [18]
Bounces 1 2
Number of elements 32000 2000݀ܣ 5cm×5cm 20cm×20cm
[30], [31]
Transmitters
Number of transmitters 8
Locations
(ݔ,ݕ, ݖ) (1,1,3), (1,3,3), (1,5,3),(1,7,3)
(3,1,3), (3,3,3), (3,5,3),
(3,7,3)
Elevation 90o
Azimuth 0o
Number of RGB-LDs
in each transmitter unit
9 (3×3)
Semi-angle at half power 70o
Centre luminous intensity 162 cd [24]
Transmitted optical power of a RGB-
LDs
2 W [24]
4Fig. 2: Distribution of horizontal illumination at the communication
floor, Min. 336 lx and Max. 894 lx.
Various parameters can be derived from the simulated
impulse response, such as the delay spread and 3 dB
channel bandwidth. The delay spread is a good measure of
the signal pulse spread due to the temporal dispersion of
the incoming signal. The delay spread of an impulse
response is given by:ܦ = ටσ(௧೔ିఓ)మ௉ೝ೔మσ௉ೝ೔మ (4)
where ݐ௜ is the delay time associated with the received
optical power ௥ܲ௜ and ߤ is the mean delay given by:ߤ = σ ௧೔௉ೝ೔మσ௉ೝ೔మ (5)
III. ANGLEDIVERSITY RECEIVER
In contrast to the single wide FOV receiver, an ADR is a
collection of narrow FOV detectors pointed in different
directions. The ADR consists of three branches with
photodetectors that have a responsivity of 0.4 A/W each.
The ADR uses photodetectors with an area of 4 mm2 each.
The ADR was always placed on the communication floor,
and results were obtained along the lines x =1 m or x =2 m.
The direction of each branch in an ADR is defined by two
angles: the azimuth angle (ܣܼ) and the elevation angle (ܧܮ).
The ܣܼs of the three detectors were set at 0o, 180o and 0o,
and the ܧܮs for the three branches were fixed at 90o, 60o
and 60o. The corresponding FOVs were fixed to 30o, 25o and
25o. The ܣܼs, ܧܮs and FOVs were chosen through an
optimization process to achieve high SNR and low delay
spread. The reception angle calculations for any detector in
the ADR are given in detail in [16]. Fig. 3 illustrates the
physical structure of the ADR. The photocurrents received
in each branch can be amplified separately and can be
processed using different methods, such as selection
combining (SC), equal gain combining (EGC) and maximum
ratio combining (MRC), to maximise the power efficiency of
the system. For simplicity, SC is considered here in order to
process the resulting electrical signals. SC represents a
simple form of diversity, where the receiver simply selects
the branch with the best SNR.
Fig. 3: Physical structure of the angle diversity receiver with three
branches.
A simulation package based on a ray-tracing algorithm was
developed for arbitrary transmitter-receiver configurations
in an arbitrary room size that has diffuse reflectors, in
order to compute the impulse response on the entire
communication floor [13]-[17]. Additional features were
introduced to enable delay adaptation and FCGHs. The
received multipath profiles due to each RGB-LDs were
computed at each photodetector, based on the detectors
FOV and the area the detector observes at each set of
transmitter and receiver locations. The resultant power
profile at each photodetector is the sum of the powers due to
the total number of RGB-LDs seen by each branch.
IV. VLC SYSTEMS CONFIGURATIONS
In this section, two VLC systems are presented, analyzed
and compared to identify the most appropriate system for
use in high-speed VLC systems (25 Gbps and beyond).
A. DAT ADR LDs-VLC system
The DAT ADR LDs-VLC system employed eight RGB-LDs
transmitters (lighting fixtures) on the ceiling connected by
fibre interconnect and controlled by a central controller and
an ADR with three branches. The delay adaptation
technique (DAT) is combined with ADR LDs-VLC (DAT
ADR LDs-VLC) to enhance the overall system performance.
The DAT ADR LDs-VLC system was previously proposed in
[14], [15] and it is considered here to compare it with our
new proposed VLC system.
B. Fully adaptive ADR VLC system
The recently proposed beam steering LDs-VLC system has
achieved 20 Gbps for stationary user and 14 Gbps for
mobile user (the time required for adaptation algorithms
during mobility was 296 ms) [17]. However, high complexity
is associated with the computation required to identify the
optimum beam steering location. In order to solve this
problem, we introduce a new FCGHs using simulated
annealing to speed up the beam steering process. The
holograms are pre-calculated and stored in the proposed
system (each hologram is suited for a given (range of)
transmitter and receiver locations) and eliminate the need
to calculate a real-time hologram at each transmitter and
receiver location. In this work the RGB-LDs light unit has
Il
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5the ability to direct part of the white light towards the
receiver location to enhance the SNR when operating at
high data rates.
The adaptation algorithms are implemented in a certain
RGB-LDs light unit for a single receiver at a given set of
positions. When the receiver starts moving, they are applied
in another RGB-LDs light unit according to the new
receiver location (coordinates). The reduction in complexity
and SNR improvement at high data rates (i.e. 25 Gbps) can
be achieved according to the following algorithms:-
i. Select the best (STB)
STB algorithm is proposed to locate the closest transmitter
(RGB-LDs) to the receiver to implement the fully adaptive
ADR VLC system. The STB algorithm identifies the closest
transmitter to the receiver according to the following steps:
1- A pilot signal is sent from one of the VLC
transmitters.
2- The SNR is estimated at the receiver by branch 1
of the ADR.
3- Repeat step 2 for the other branches in the ADR.
4- Repeat steps 2 and 3 for the other VLC transmitter
units.
5- The receiver sends (using an infrared beam) a low
data rate control feedback signal to inform the
controller of the SNRs associated with each
transmitter.
6- The transmitter that yields the best SNR is chosen
by the controller (typically the closest transmitter
to the receiver in our simulations).
Once the receiver receives the coded signal from the RGB-
LDs light unit, the SNR is computed and a feedback signal
is sent. If the time taken to calculate the value of each SNR
with each RGB-LDs unit is equal to 1 ms (based on typical
processor speeds) then the STB algorithm training time is 8
ms (8 RGB-LDs units × 1 ms).
ii. Fast computer generated holograms (FCGHs)
For a large room of 8m× 4m, the communication floor is
divided into eight regions (2m × 2m per region). The floor
(2 m × 2m) under the visible light sources is subdivided into
small areas, for example we divided it to 256 subdivisions
(see Fig. 4). In the case of classic beam steering [17] the
transmitter first sequentially tries all m holograms (256
holograms in this case) and the receiver computes the SNR
associated with each hologram at the receiver and relays
this information to the transmitter for the transmitter to
identify the best hologram to use (update the holograms).
This is an exhaustive search mechanism among the stored
holograms. If each SNR computation is carried out in 1 ms
(based on typical processor) then the total adaptation time
when the receiver moves is 256 ms. A further improvement
in SNR can be achieved by increasing the number of regions
on the floor which leads to smaller regions and improved
SNR, but a larger number of holograms to choose from
leading to an increase in the time required to identify the
best holograms. For instance, increasing the number of
regions from 256 to 512 will lead to an increase in the total
number of holograms to 512. Hence the computation time
required to identify the optimum holograms is increased to
512 ms. In order to overcome this problem, a FCGHs
algorithm is introduced to effectively improve the SNR
(through the use of more holograms) while reducing the
computation time required to identify the optimum
hologram.
Fig. 4: Architecture of our proposed VLC communication system
when the transmitter is placed at (1m, 1m, 3m) and the receiver is
on communication floor.
The FCGHs algorithm determines the optimum hologram
that yields the best receiver SNR based on a divide and
conquer (D&C) algorithm. The transmitter divides the
stored holograms into four quadrants with a boundary
based on the hologram transmission angles (െߜ௠௜௡ to 0) and
(0 toߜ௠௔௫) in both ݔ, ݕ axes. The transmitter first tries the
middle hologram at each quadrant (four holograms will be
first tried) to identify the sub-optimal quadrant; hence
reducing the number of holograms that need to be tried by a
factor of 4 in the first step. The receiver sends a feedback
signal at a low rate, which informs the transmitter about
the SNR associated with each hologram. The hologram that
results in the best receiver SNR is identified as a sub-
optimum hologram, and the quadrant that includes this
sub-optimum hologram will be divided in the next step into
four sub-quadrants. The transmitter again scans the middle
hologram at four new sub-quadrants and identifies the
second sub-optimal hologram; hence identifying the second
sub-optimal quadrant. The transmitter again divides the
new second sub-optimal quadrant into four quadrants in a
similar manner to the first and second sub-optimal
quadrants to identify the third sub-optimal quadrant. The
quadrant that is represented by the third sub-optimal
hologram will be scanned. This technique helps to reduce
the computation time required to identify the optimum
hologram when a very large number of holograms is used.
The proposed FCGHs algorithm can be described for a
single transmitter and receiver as follows:
1- The RGB-LDs light unit that has been chosen in
the STB algorithm first divides the stored
holograms into four main groups associated with
quadrants based on the hologram transmission
angles. The boundary angles associated with the
first quadrant are ߜ௠௔௫ି௫ to 0 in the x-axis andߜ௠௔௫ି௬ to 0 in y-axis.
2- The RGB-LDs transmits a pilot signal using the
middle hologram in each quadrant in order to
determine the first sub-optimum hologram.
3- The SNR is computed at each step (each hologram)
and the receiver sends a control feedback signal at
a low rate to inform the controller of the SNR
VLC beam
0.125m×0.125m 2m×2m
Transmitter
Receiver
LD1 LD2 LD3 LD4
LD5 LD6 LD7 LD8
6associated with each scan. This feedback channel
can be implemented using an infrared beam.
4- The hologram that yield the best SNR is chosen by
the controller (identifies sub-optimal quadrant for
next iteration).
5- The new scanning area is divided into four
quadrants and repeats steps 2 to 4 to identify the
second sub-optimal quadrant.
6- Repeat steps 2 to 5 to identify the best location that
gives the highest SNR (the divide and conquer
process continues and the transmitter determines
the optimal hologram transmission angles that
maximise the receivers SNR).
The proposed FCGHs reduce the computation time from 224
ms taken by the classic beam steering LDs-VLC system to
32 ms (32 possible locations should be scanned in all
iterations × 1 ms).
The first step is to estimate the receiver location using
the FCGHs then the transmitter steers part of RGB-LDs
white light to the VLC receiver, which leads to enhanced
received SNR. The enhancement in the signal strength by
the beam steering approach can improve the transmission
distance. It should be noted that, FCGHs and beam steering
were implemented in a certain light unit (see Fig.4); when
the receiver starts moving, they are applied in another light
unit according to the new receiver location (coordinates).
The beam steering focuses a part of the light of one of the
RGB-LDs towards the coordinates that were found by the
FCGHs. According to the illumination results, which will be
discussed in the Section VI, up to 20% of the RGB-LDs light
unit can be beam steered towards the receivers location
while the remaining white light (i.e. 80%) is used for
illumination.
It is worth noting that instead of laser beam steering,
indeed multiple lasers can be mounted at the transmitter
with given beam profiles so that each laser can cover part of
the environment. This design can be simpler and more
efficient than beam steering provided it is able to strike a
balance between having few beams / lasers for simplicity
and having a narrow beam to avoid multipath dispersion
while providing full coverage of the environment. We will
investigate and optimise this architecture in future work.
SLMs can be attached to each RGB-LD light unit. White
light from light unit enters the holographic beam steerer
module and it is first collimated. Then the beam passes
through a half wave plate and a polarizer to achieve vertical
polarization (see Fig.5). This light then illuminates an SLM,
which operates in a phase only mode. A blazed grating
profile is programmed on the SLM to achieve the beam
steering function (this can be carried out by controller). The
SLM can generates beams whose locations can be varied
where the transmission angles ߠ௫ and ߠ௬ in the ݔݕ axes are
varied between -70o and 70o (half power beam angle of RGB-
LDs light unit was 70o) with respect to the transmitters
normal in both the x and the y (ߙି௫ to ߙ௫ and ߙି௬ to ߙ௬)
directions respectively. The SLM produces a single beam
and scans it with step angle (ߚ) along a range of rows and
columns in the room to identify the location that yields the
best receiver SNR based on a divide and conquer (D&C)
algorithm (see Fig. 5). The coordinates of this location are
used as the centre of the beam direction.
A SLM is a transparent optical device which can
modulate light spatially in phase or amplitude in each pixel.
Therefore, it can operate as a dynamic diffractive element
controlled by electrical signal. With the Fresnel lens
function, the SLM can be operated as a dynamic convex
lens. The SLM can generate beams to scan communication
floor to estimate the receiver location, so that part of the
white light can be directed towards a desired target
(receiver) using beam steering to improve SNR.
Fig. 5: Beam steering technique applied at one of the RGB-LDs
light unit.
iii. Delay adaptation technique (DAT)
It should be noted that the delay spread in a VLC system
that is influenced by the RGB-LDs spots relative positions
and the number of RGB-LDs spots seen within the FOV of
each detector [13]. Thus, emitting signals from all RGB-LDs
units at the same time may cause a time delay differential
between the signals received at the pixel, which results in
spreading the received pulse and hence limiting the
bandwidth. Therefore, instead of sending the signals at the
same time from different LD light units, the delay
adaptation algorithm sends the signal that has the longest
journey first, and then sends the other signals with
different differential delays (ȟ) so that all the signals reach
the receiver at the same time. The delay adaptation
algorithm for a VLC system was proposed in [13], and it is
used here to offer improvements in terms of system
bandwidth. The delay adaptation can be implemented
through array elements delayed switching. The delay
adaptation adjusts the switching times of the signals as
follows:
1- A pilot signal is sent from the first transmitter.
2- The mean delay (ߤ) at the receiver for the first
lighting unit is estimated at the receiver side by
branch 1 of the ADR.
3- Repeat step 2 for the other branches in the ADR.
4- Repeat steps 2 and 3 for the other VLC transmitter
units.
5- The receiver sends a control feedback signal to
inform the controller of the associated delay with
each received signal from each transmitter.
6- The controller introduces a differential delay (ȟ)
between the signals transmitted from the
transmitters.
7- The transmitter units send signals according to the
delay values, such that a transmitter unit that has
7the largest delay, i.e. longest path to the receiver,
transmits first.
Indoor users move at a speed of about 1 m/s maximum [32].
We therefore propose that the receiver re-estimates its SNR
at the start of a one second frame, and if this has changed
compared to the previous frames value then the receiver
uses the feedback channel to update the controller. The
MAC protocol should include a repetitive training period to
perform the algorithms in Tables II, III and IV. It should be
noted that the FCGHs described apply to a single
transmitter and a single receiver position. If there is more
than a single receiver (multi user) in the room, then a MAC
protocol should be used. This will regulate which
transmitter-receiver pair can use which resources (for
example time slots, code, wavelength) and when. Potential
MAC protocols in this environment include carrier sense
multiple access (CSMA), packet reservation multiple access
and multi-carrier code division multiple access.
Furthermore opportunistic scheduling [33] can be employed
where the optimum hologram is chosen to maximize the
SNR in a given region (set of users) for a given time period.
The multi-user system can alternatively select the hologram
that optimizes a given performance criterion.
If the time taken to determine the value of each SNR and
delay associated with each transmitter (relative to the start
of the frame) is equal to 1 ms (based on typical processor
speeds), then the STB algorithm, FCGHs and DAT training
time will be 112 ms (8 RGB-LDs units × 1 ms + 32 possible
locations should be scanned in all iterations × 1 ms + 9
RGB-LDs in each transmitter unit × 8 transmitter units × 1
ms). This time (112 ms, once every one second frame) is
sufficient given that adaptation algorithms have to be
carried out at the rate at which the environment changes
(pedestrian movement). Therefore, the fully adaptive ADR
VLC system can achieve 100% of the specified data rate
when it is stationary, and 88.9% in the case of user
movement, (user or object movement in the room).
TABLE II
STB ALGORITHM
TABLE III
FCGHS ALGORITHM
TABLE IV
DAT ALGORITHM
Inputs: ܰ =8; (Number of RGB-LDs light units)݆ =3; (Number of branches in ADR)݌(. ) is a rectangular pulse over [0,ܾܶ], ܾܶ = 1/ܤ (ܤ is
the bit rate).
1. for S =1:݆;
2. for R = 1:ܰ;
3. Calculate and sum the received powers within a time
bin (0.01 ns duration)
4. Produce the impulse response ௝݄(ݐ)
5. Calculate the pulse response ௝݄(ݐ)ٔ ܲ(ݐ െ ܾܶ) and
then calculate (ܲ ଵܵ െ ܲܵ଴)
6. Compute ܵܰ ௝ܴ = ቀೃ൫ುೄభషುೄబ൯഑೟ ቁଶ
7. end for
8. ܴܵܰே = ݉ܽݔ(ܵܰ ௝ܴ)
9. end for
10. ܴܵܰ௠௔௫ = ݉ܽݔ(ܴܵܰே)
11. Select RGB-LDs unit that yields ܴܵܰ௠௔௫
Inputs: ߠ௫௦௧௔௥௧=-70o and ߠ௫௘௡ௗ=70o (the lower and higher holograms
scan ranges along ݔ-axis).ߠ௬௦௧௔௥௧=-70o and ߠ௬௘௡ௗ=70o (the lower and higher holograms
scan ranges along y-axis).ߠ௦௧௘௣௦=26.56o (initial value, step size 100 cm)
1. for ݅ = 0:26.56:140;
2. for ݈ = 0:26.56:140;
3. ߠ௫=݅; ߠ௬= ݈; (Transmission angles in ݔ and ݕ axes)
4. Produce a hologram with a direction associated with ߠ௫
and ߠ௬.
5. for S =1:݆;
6. Calculate and sum the received powers within
a time bin (0.01 ns duration)
7. Produce the impulse response ௝݄(ݐ)
8. Calculate the pulse response ௝݄(ݐ)ٔ ܲ(ݐ െ ܾܶ)
and then calculate (ܲ ଵܵ െ ܲܵ଴)
9. Compute ܵܰ ௝ܴ = (ೃ൫ುೄభషುೄబ൯഑೟ )ଶ;
10. end for
11. ܴܵܰ(݅, ݈) = ݉ܽݔ(ܵܰ ௝ܴ);
12. ݀݁ݐ݁ܿݐ݋ݎ(݅, ݈) = ݂݅݊݀൫ܵܰ ௝ܴ൯ == ൫݉ܽݔ(ܵܰ ௝ܴ)൯;
13. end for
14. end for
15. ܴܵܰ௠௔௫ = ݉ܽݔ ܴܵܰ(݅, ݈) ;
16. [ߠ௫ି௦௨௕ି௢௣௧௜௠௨௠, ߠ௬ି௦௨௕ି௢௣௧௜௠௨௠]= ݂݅݊݀(ܴܵܰ(݅, ݈)) == (ܴܵܰ௠௔௫);
(identify sub-optimum hologram).
17. If หߠ௫ି௦௨௕ି௢௣௧௜௠௨௠ห(|ߠ௫௘௡ௗ|െ |ߠ௫௦௧௔௥௧|)/2 (reset new scan range in
theݔ-axis)
18. ߠ௫௘௡ௗ =  ߠ௫ି௦௨௕ି௢௣௧௜௠௨௠;
19. Else
20. ߠ௫௦௧௔௥௧ =  ߠ௫ି௦௨௕ି௢௣௧௜௠௨௠;
21. end If
22. If หߠ௬ି௦௨௕ି௢௣௧௜௠௨௠ห൫หߠ௬௘௡ௗหെ หߠ௬௦௧௔௥௧ห൯/2 (reset new scan range in
the ݕ-axis)
23. ߠ௬௘௡ௗ =  ߠ௬ି௦௨௕ି௢௣௧௜௠௨௠;
24. Else
25. ߠ௬௦௧௔௥௧ =  ߠ௬ି௦௨௕ି௢௣௧௜௠௨௠;
26. end If
27. ߠ௫௢௣௧௜௠௨௠ =  ߠ௫ିୱ୳ୠି୭୮୲୧୫୳୫; ߠ௬௢௣௧௜௠௨௠ =  ߠ௬ିୱ୳ୠି୭୮୲୧୫୳୫; (identify
optimum hologram).
1. for S =1: ݆;
2. for R =1: ܰ;
3. Compute the impulse response observed by the
desired branch.
4. ߤே௅஽ೄ = σ ௧೔௉ೝ೔మ೔σ ௉ೝ೔మ೔ ; (compute mean delay associated
with each signal from each RGB-LDs unit)
5. end for
6. end for
7. ߤ௠௔௫ = ݉ܽݔ൫ߤே௅஽ೄ൯ ;
8. for R = 1:ܰ;
9. ߂ݐ_ ௅ܰ஽=ߤ௠௔௫- ߤே௅஽ೄ; (Calculate the time delay)
10. Compute the impulse response ݄ே௅஽(ݐ) observed by
the desired branch.
11. Introduce time delay as ݄ே௅஽(ݐ െ ߂ݐ_ ௅ܰ஽); (shift the
impulse response)
12. end for
13. Produce the optimised impulse response ݄௢௣௧௜௠௜௦௘ௗ(ݐ)
14. Calculate the pulse response ݄௢௣௧௜௠௜௦௘ௗ(ݐ) ٔ ܲ(ݐ െ ܾܶ)
and then calculate (ܲ ଵܵ െ ܲܵ଴)
15. Compute the delay spread, 3dB channel and SNR
optimised.
8The concept of finite computer generated holograms has
been recently proposed in VLC system [17] and it is
developed here to speed up the adaptation process in the
proposed VLC system. Evaluation of phase and pattern
distribution were determined in similar ways to those used
in [17]. Fig. 6 shows four snapshots of the hologram
reconstruction intensity at the far field and phase
distributions. When the number of iterations increases, the
reconstruction intensities are improved. This is attributed
to the use of simulated annealing which attempts to reduce
the cost function, hence improving phases in the
constructed hologram. Fig.7 shows the desired spots
intensities in the far field. The cost function versus the
number of iterations completed is shown in Fig. 8.
Fig. 6: The reconstruction intensity at the far field and hologram
phase pattern at iterations 1, 5, 15 and 100 using simulated
annealing optimisation. Different gray levels represent differentSKDVHOHYHOVUDQJLQJIURPEODFNWRǑZKLWH
Fig. 7: The desired spots intensity in the far field.
Fig. 8: Cost function versus the number of iterations.
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9V. VLC SYSTEM COMPLEXITY
Significant SNR and 3dB channel enhancements can be
achieved by introducing beam steering and computer
generated holograms in VLC systems [17], however the
implementation complexity increases. This complexity is
associated with the resources and computational time
(computing the SNR and time delay) required to identify
the optimum location to steer the optical beam to. In this
section we evaluate the efficiency of the proposed FCGHs by
considering time complexity.
The nature of a function T(m) [34] can be used to measure
the computational complexity of algorithms, for example a
linear algorithm of input size m can induce a linear time
complexity of T(m) = O(m). A single pass implementation
algorithm with complexity order of O(m) has an acceptable
performance with a small value of m. However, a large
value of m makes it too complex. The classical beam
steering algorithm with computer generated holograms [17]
can identify the optimum hologram by scanning all the
areas underneath the best transmitter (see Fig. 4), which
has similar properties as the one-pass style algorithms.
Therefore, the time complexity of the classical computer
generated holograms is linear and can be given T(m) =
O(m). Here m represents the total number of regions that
should be covered for each transmitter. Significant SNR
improvements can be achieved by increasing the value of m.
However, the time complexity increases dramatically and
this is due to the total number of holograms required, which
is m. In contrast, the FCGHs is a recursive algorithm based
on a D&C method, where the process used to find the
optimum hologram is recursively broken down into a
number of iterations S. For example, in the case of four
iterations (S=4), then then the complexity can be given as
[34]:
ܶ(݉) = ܵܶ ቀ
6݉4
ቁ+ ݆ܵ = ܵܶ ൬݆݉2ௌ൰ + ݆ܵ =
݈݋݃ ቀ௠௝ ቁ ܶ(1) + ݆ ݈݋݃ ቀ௠௝ ቁ = ݆݈݋݃ଶ ቀ௠௝ ቁ (6)
where j is the number of sub-problems (quadrants in our
FCGHs). In each iteration the transmitter divides the
stored holograms into four quadrants (i.e., j = 4). For
instance, in the case of m=256 (number of regions
underneath the transmitter), hence the number of
holograms required for classical computer generated
hologram is 256. Then the computation time required to
identify the optimum holograms is 256 ms (If each SNR
computation is carried out in 1 ms, based on typical
processor). On the other hand, the computation time
required to identify the optimum holograms in the FCGHs
is 24 ms (based on equation 6).
VI. THE IMPACT OF BEAM STEERING TECHNIQUE ON
ROOM ILLUMINATION
The main function of the RGB-LDs light units is to provide
sufficient illumination according to ISO and European
standards [23]. Therefore, to ensure the illumination is at
an acceptable level we controlled the white light directed
towards the receiver so that only a small amount of the
RGB-LDs light is beam steered towards the receiver (20% of
light of RGB-LDs unit), and the remaining light is used for
illumination. We found that 20% achieves good performance
in terms of the improvement in the achievable channel
bandwidth and data rate while obeying the illumination
standards with an acceptable change in illumination (i.e.
the reduction in illumination is within the threshold level of
European standards, which is 300 lx).
Fig. 9 shows the horizontal illumination distribution for
the eight RGB-LDs units, the comparison is carried out for
the illumination with and without beam steering when 20%
of the beam power is steered, applied at LD1 (see Fig. 4 for
RGB-LDs numbers and locations). The LD1, LD4, LD5 and
LD8 light units were located at the room corners, and when
beam steering of more than 20% is carried out at one of
these light units, this led to reduced illumination in the
room corners that is less than the acceptable threshold level
(i.e. less than 300 lx). The minimum illumination in the
corner without beam steering was 336 lx, as shown in Fig.
9. However, when beam steering was applied at one of the
corner RGB-LDs units (worst case scenario) the
illumination decreased, due to a part of the RGB-LDs light
being steered towards the receiver location (e.g. at 1m, 1m,
1m). The minimum illumination value of 20% beam steering
was 300 lx. Therefore, we chose 20% beam steering as an
acceptable value that kept the illumination at an acceptable
level (300 lx) and improved the SNR. We emphasise that
the beam steering technique is carried out at one RGB-LDs
light unit, the unit nearest to the receiver location (the
RGB-LDs that has been chosen by the STB), while the
remaining RGB-LD light units (seven RGB-LD light units)
operate normally. Note that steering light to a receiver, not
only increases the received power, it more importantly
reduces the delay spread by increasing the power received
through the direct ray well beyond the power received
through reflections.
Fig. 9: The distribution of horizontal illumination on the
communication floor without beam steering minimum illumination
336lx and maximum illumination 894lx, with 20% beam steering
minimum illumination 300 lx and maximum illumination 889 lx.
VII. SIMULATION RESULTS IN AN EMPTY ROOM
In this section, we evaluate the performance of the proposed
fully adaptive ADR VLC system in an empty room in the
presence of multipath dispersion and mobility. The
Without beam steering
20% beam steering
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proposed system is examined in fourteen different locations
when the receiver moves along the y-axis. The results are
presented in terms of impulse response, delay spread, 3 dB
channel bandwidth, SNR and BER. Due to the symmetry of
the room, the results for x=1m equal the results for x=3m,
therefore only x=1m and x=2m results are shown along the
y-axis.
A. Impulse responses
The impulse responses of the two systems (DAT ADR LDs-
VLC and fully adaptive ADR) at the room centre are
depicted in Fig. 10. It can be seen that the fully adaptive
ADR VLCs impulse response is better than that of the DAT
ADR LDs-VLC in terms of received optical power. A
significant increase in the received optical power can be
achieved when the fully adaptive ADR replaces the DAT
ADR LDs-VLC system. A factor of 4 improvement isDFKLHYHG IURP  Ǎ: WR  Ǎ: 7KLV VLJQLILFDQW
improvement in the received power is due to steering a
beam of white light towards the receiver location.
Fig. 10: Impulse responses of different VLC systems at room centre:
(a) DAT ADR LDs-VLC and (b) Fully adaptive ADR VLC.
B. Delay spread assessment
Fig. 11 presents the communication system delay spread
associated with the DAT ADR LDs-VLC and fully adaptive
ADR VLC systems. The results show that the fully adaptive
system has a lower delay spread than the DAT ADR LDs-
VLC system at all the receiver locations considered. The
delay spread for the DAT ADR system is relatively low (0.02
ns in the worst case) and this is attributed to two reasons:
firstly, due to the narrow FOVs associated with each branch
in the ADR, and this limitation in the FOV minimises the
number of rays accepted. Secondly, DAT is used. However,
to operate at high data rates (25 Gbps and beyond) the
delay spread should be further reduced (i.e. less than 0.02
ns). The fully adaptive ADR system outperforms the DAT
ADR system, as it dramatically decreases the delay spread
from 0.02 ns to 0.0058 ns (by a factor of 3.4) at the room
centre. The minimum communication channel bandwidth of
the fully adaptive ADR was 26 GHz (where the delay spread
is 0.0058 ns at points ݔ=2m, ݕ=2m, 4m, 6m). The significant
increase in the channel bandwidth enables our proposed
system to operate at higher data rates using a simple
modulation technique, OOK [26]. Personicks analysis
shows that the optimum receiver bandwidth is 0.7 times the
bit rate [35]. For example, a 25 Gbps data rate requires a
17.5 GHz channel bandwidth. It should be observed that the
performance of both systems is degraded at ݔ=2m (high
delay spread), and this can be attributed to the high ISI due
to multipath propagation in the middle of the room (i.e.ݔ=2m).
Fig. 11: Delay spread of two systems at ݔ=1m, ݔ=2m and along ݕ-
axis.
It should be noted that steering light to a receiver, not only
increases the received power, it more importantly reduces
the delay spread by increasing the power received through
the direct ray well beyond the power received through
reflections.
C. 3 dB channel bandwidth
Previous work [15] has shown that DAT with an ADR can
provide a 3 dB channel bandwidth of more than 8.3 GHz
under the worst case scenario. However, the main problem
with such a system is the low SNR. Therefore, to enable it
to operate at 25 Gbps we proposed FCGHs to enhance the
SNR and to utilize the significant increase in the channel
bandwidth that will enable our proposed system (fully
adaptive ADR VLC system) to operate at 25 Gbps. The 3 dB
channel bandwidth at ݔ=2m in our systems is shown in
Table V. The results show that the proposed system has the
ability to offer a communication channel with 3 dB
bandwidth greater than 26 GHz.
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Table V
CHANNEL BANDWIDTH OF THE PROPOSED SYSTEMS
D. SNR
The VLC systems performance is best evaluated using the
SNR, which gives due consideration to the noise and signal
spread (eye opening). The probability of error is expressed
as:
௘ܲ = ܳ൫ξܴܵܰ൯ (7)
where ܳ( . ) is the Gaussian function, approximated as:
ܳ(ݔ) = ଵଶ ݁ݎ݂ܿ ൬ݔ ξ2ൗ ൰ ൎ ଵξଶగ ௘ష൬ೣ ξమ൘ ൰మ௫ (8)
The function has the value x=6 at probability of error of
10ିଽ. Hence, SNR=36 (15.6 dB) is needed for a 10ିଽ
probability of error. In OOK the SNR associated with the
received signal can be calculated by considering ௦ܲଵ and  ௦ܲ଴
(the powers associated to logic 1 and 0 respectively). These
powers ( ௦ܲଵ and ௦ܲ଴) determine the eye opening at the
sample instant, thus ISI. The SNR is given by:ܴܵܰ = ቀோ(௉ೞభି௉ೞబ)ఙ௧ ቁଶ (9)
where ܴ is the receiver responsivity (0.4 A/W) and ߪ௧ is the
standard deviation of the total noise, that is the sum of shot
noise, thermal noise and signal dependent noise. It can be
calculated as:ߪݐ = ටߪ௦௛௢௧ଶ + ߪ௣௥௘௔௠௣௟௜௙௜௘௥ଶ + ߪ௦௜௚௡௔௟ଶ (10)
where ߪ௦௛௢௧ଶ represents the background shot noise
component, ߪ௣௥௘௔௠௣௟௜௙௜௘௥ଶ represents the preamplifier noise
component and ߪ௦௜௚௡௔௟ଶ represents the shot noise associated
with the received signal. The PIN-HMET optical receiver
proposed by Klepser [36] was used for the fully adaptive 25
Gbps ADR VLC system. The noise current spectral density
for this preamplifier is 12 Ȁξ and the preamplifier has
a bandwidth of 18 GHz. In this study we considered SC
method of processing the electrical signal from different
branches in an ADR. In SC, the receiver simply selects the
branch with the largest SNR among all the branches. Theܴܵܰௌ஼ is given by [29]:ܴܵܰௌ஼ = ܯܽݔ௜ ቀோ(௉ೞభି௉ೞబ)೔ఙ௧೔ ቁଶ ͳ ൑ ݅ ൑ ݆ (11)
where ݆ represents the number of ADR branches (݆=3 in our
ADR).
It should be noted that the fully adaptive ADR system has
the ability to provide SNR values higher than those
associated with the DAT ADR system. The results in Fig. 12
are in agreement with the general observation made in Fig.
11. For instance, the DAT ADR system at ݔ=2m and ݕ=4m
had a delay spread higher than other locations, which led to
a decrease in SNR. Note the variation in SNR in tandem
with the delay spread (see Fig. 11) due to the effects
explained. The DAT ADR system does not have the ability
to operate at 25 Gbps due to the impact of ISI and
multipath propagation. However, these effects can be
mitigated by employing fully adaptive ADR VLC. It can be
noticed that for both systems the SNR can be lower when
the receiver moves along ݔ=2m. This is due to the larger
distance between the receiver and transmitter.
Table VI presents the BER values corresponding to the
achieved SNRs at 25 Gbps for the DAT ADR and fully
adaptive ADR systems at the line ݔ=2m (due to room
symmetry, we calculated BER at 1 m to 4 m along the y-
axis). It can clearly be seen that the fully adaptive ADR
system has the best performance compared to the other
systems. The highest value of BER in the fully adaptive
ADR system is equal to 2.9×10-6, and this value can provide
a good communication link. Forward error correction coding
(FEC) can be used to further reduce the BER from 10ï to
10ï in the proposed system.
Fig. 12: SNR of two systems (DAT ADR and fully adaptive ADR)
when operated at 25 Gbps at ݔ=1m, ݔ=2m and along the ݕ-axis.
TABLE VI
BER PERFORMANCE OF THE PROPOSED SYSTEMS AT ݔ=2m
The system may choose to update its holograms less
frequently even in the presence of mobility. This
simplification is at the cost of an SNR penalty. In Fig. 13,
the SNR penalty was calculated based on the old holograms
settings while in motion. The results show the SNR penalty
incurred as a result of mobility. The proposed system (fully
adaptive ADR) design should allow a link margin. For
System
3 dB channel Bandwidth [GHz]
Receiver Locations along the y-axis, Y [m]
1 2 3 4 5 6 7
DAT
ADR
8.7 8.3 8.7 8.3 8.7 8.3 8.7
Fully
Adaptive
ADR
29.5 26 29.5 26 29.5 26 29.5
System
BER
Receiver Locations along the ݕ-axis, ݕ [m]
1 2 3 4
DAT ADR 7.7×10-2 10×10-1 7.7×10-2 10×10-1
Fully
Adaptive ADR
1.6×10-9 2.9×10-6 1.6×10-9 2.9×10-6
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instance, with a link power margin of 3 dB, Fig. 13 shows
that adaptation has to be done every time the receiver
moves by ~1.4 m. If the SNR penalty is lower than 1 dB as
desired in the proposed system, then Fig. 13 shows how
often the system has to adapt its settings. For example, for
the SNR penalty to be below 1 dB, the system has to adapt
every 0.4 m, which corresponds to a 0.4 s adaptation rate. It
should be noted that this adaptation has been done at the
rate at which the environment changes and not at the
systems bit rate.
Fig. 13: SNR penalty of the proposed systems when the receiver
moves from the optimum location at (2 m, 1 m, 1 m) along the y-
axis.
VIII. ROBUSTNESS TO SHADOWING, SIGNAL BLOCKAGE
ANDMOBILITY
In this section, we expand the analysis and the evaluation
of the fully adaptive ADR system in realistic office
arrangements where VLC signal blockage (as a result of
mini-cubicles), doors and windows, furniture and multipath
propagation all exist. The simulation was conducted in a
room comparable to that used in Section II with an
8m × 4m× 3m room as an example. Fig. 14 shows the room
arrangement. We considered a typical real indoor office. The
room has a door, three large glass windows, a number of
rectangular cubicles that have surfaces parallel to the walls
of the room (physical partitions, which create shadowing) as
well as other furniture such as filing cabinets, bookshelves
and chairs. The ceiling has a diffuse reflectivity of 0.8, while
the floor has a diffuse reflectivity of 0.3. The three glass
windows and the door are assumed to not reflect any signal,
thus their diffuse reflectivities are set at zero. In addition,
the walls and the wall segments around the windows have
diffuse reflectivity of 0.8. Two of the walls at x=4m and
y=8m covered by filing cabinets and bookshelves, have a
reflectivity of 0.4. It is assumed that signals that get to the
office physical barriers (cubical office partitions) are blocked
or absorbed. Additionally, chairs, desks and tables inside
the room have a similar reflectivity to that of the floor (i.e.
0.3). The complexity is apparent in the room in Fig. 14 in
which the physical partitions and the low reflective objects
can create significant shadowing and VLC beam blocking as
well as reduce the received optical power from reflections.
Comparisons are performed of the proposed system in two
different environments (i.e., an empty room A and a
realistic room B) when operating at 25 Gbps with full
mobility. The results of the fully adaptive ADR VLC system
were compared in rooms A (an empty room) and B (realistic
room) in terms of impulse response, path loss and SNR. The
proposed system is examined in fourteen different locations
when the receiver moves along the ݕ-axis.
Fig. 14: Realistic room with a number of rectangular-shaped
cubicles with surfaces parallel to the room walls, a door, three large
glass windows and furniture, such as bookshelves and chairs.
A. Impulse response
Channel impulse responses at the room centre (i.e. ݔ=2m
and ݕ=4m) for the fully adaptive ADR VLC system are
shown in Fig. 15 for rooms A and B. It should be noted that
both impulse responses of the proposed system are
dominated by short initial impulses due to the LOS path
between the transmitter and receiver. It can be clearly seen
that the amount of received optical power from the
reflections in room B is less than that received in room A, as
shown in Fig. 15, and this is due to the existence of the
door, windows, cubicles, partitions and bookshelves in room
B that lead to reduced multipath propagation. These
impulse responses suggest that the proposed system has
good robustness against shadowing and mobility, and it has
the ability to maintain LOS even in this harsh environment
(i.e., room B), which is attributed to the FCGHs that
maintain acceptable SNR in different environments.
Although the received power from reflections was severely
affected in room B, the LOS component remained the same
in both room configurations in both systems, and the LOS
component has the largest impact on the system
performance. For instance, the power received by theSURSRVHG9/&V\VWHPLQURRP$ZDVǍ:ZKHUHDVLWZDVǍ:LQURRP%ZKLFKLQGLFDWHVWKDWWKHUHGXFWLRQ
in received power is negligible.
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Fig. 15: Impulse responses of the fully adaptive ADR VLC system
at room centre (2m, 4m, 1m) in two different environments (rooms
A and B).
B. Path loss
Achieving high SNR at the receiver is one of the main
targets of any communication system. The SNR in VLC
systems is based on the ratio of the square of the received
optical signal power and receiver noises [16]. Therefore, the
average received optical power and path loss explain part of
the main VLC system performance in the two different
environments. Optical path loss can be defined as [37]:ܲܮ(݀ܤ) ൌ െͳͲ݈݋ ଵ݃଴(׬݄(ݐ)݀ݐ) (12)
where ݄(ݐ) is the system impulse response. Fig. 16 shows
the optical path loss of the proposed system in rooms A and
B. It should be observed that the performance of the
proposed system is comparable in rooms A and B, and this
can be attributed to the LOS links available on the entire
communication floor, which protects against shadowing and
mobility in this system. It can be noticed that the path loss
can be higher when the receiver moves along x= 2 m. This is
due to the larger distance between the receiver and
transmitter. Overall, the proposed system was evaluated
and it was shown that it is able to achieve similar
performance levels in an empty room and in a realistic
indoor environment.
Fig. 16: Optical path loss distribution of the fully adaptive ADR
VLC system in two different environments (rooms A and B) atݔ=1m and ݔ=2m along ݕ-axis.
C. SNR
Fig. 17 shows the SNR of the fully adaptive ADR VLC
system at ݔ=1m and ݔ=2m along the ݕ-axis over the
communication floor for different environments (i.e. rooms
A and B). In rooms A and B the proposed system has
comparable results. There is very low degradation in the
SNR when the proposed system operated in room B. This is
attributed to the ability of our fully adaptive VLC system to
adapt to such an environment. Also, it should be noted that
the results in Fig. 17 are in agreement with the general
observation made in Fig. 16. For instance, at the pointݔ=2m and ݕ=4m, the path loss is highest resulting in the
lowest SNR.
Table VII shows the BER at 25 Gbps of the proposed
system at line ݔ=2m. It can be noted that in the realistic
environment, the BER of the fully adaptive VLC system has
increased slightly compared to an empty room. However,
this increase does not severely affect the performance of the
system; for example, the maximum value of BER provided
by the proposed system is equal to 4.1× 10ï.
Fig. 17: SNR of fully adaptive VLC when operated at 25 Gbps in
two different room scenarios at ݔ=1m and at ݔ=2m along the ݕ-axis.
TABLE VII
BER PERFORMANCE OF THE PROPOSED SYSTEM AT ݔ=2m
IN DIFFERENT ENVIRONMENTS
IX. CONCLUSIONS
In this paper, we introduced a FCGHs VLC system and
introduced a new fully adaptive VLC system that has
ability to achieve 25 Gbps. In addition, DAT was introduced
to FCGHs to reduce the effect of multipath dispersion, delay
spread and increase the 3dB channel bandwidth and SNR
when the system operates at high data rates.
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Increasing the number of holograms / regions helps the
transmitter accurately identify the receivers location, hence
improving the system performance. A search algorithm
based on D&C was used in order to reduce the time needed
to select the best pre-calculated hologram which leads to
high SNR. The proposed system is coupled with an ADR to
improve the received VLC signal in the presence of
multipath dispersion, mobility, and shadowing.
The proposed FCGHs can effectively steer the VLC beam
nearer to the receiver location at each given receiver
location. It should be noted that the FCGHs are pre-
calculated and stored in our proposed system without
adding any complexity at the transmitter to reproduce
(compute) the holograms. Thus the time required to find the
optimum location to steer the beam to, was reduced from
224 ms to 32 ms. However, the total time required for
efficient techniques (STB, FCGHs and DAT) is 112 ms.
Therefore, the fully adaptive ADR VLC system can achieve
100% (25 Gbps) of the specified data rate when it is
stationary, and 88.9% (22.2 Gbps) in the case of user
movement, (user or object movement in the room).
The simulation results show that the fully adaptive ADR
VLC system can significantly improve the impulse
response, SNR, as well as the delay spread compared to
DAT ADR VLC system. In addition, the proposed system
can also adapt to environmental changes, offering a link
that is robust against signal blockage and shadowing. The
BER provided by our proposed system in realistic indoor
environment is about 10ï at 25 Gbps in the worst case
scenario.
To the best of our knowledge, the data rates achieved by
our proposed system (i.e. 25 Gbps for a stationary user and
22.2 Gbps for a mobile user) are the highest data rates to
date for an indoor VLC system with a simple modulation
format (OOK) and without the use of relatively complex
wavelength division multiplexing approaches.
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